We use LHC dijet data to derive constraints on neutrinoless double beta decay. Upper limits on cross sections for the production of "exotic" resonances, such as a right-handed W boson or a diquark, can be converted into lower limits on the double beta decay half-life for fixed choices of other parameters. Constraints derived from run-I data are already surprisingly strong and complementary to results from searches using same-sign dileptons plus jets. For the case of the left-right symmetric model, in case no new resonance is found in future runs of the LHC and assuming g L = g R , we estimate a lower limit on the double beta decay half-live larger than 10 27 ys can be derived from future dijet data, except in the window of relatively light right-handed neutrino masses in the range 0.5 MeV to 50 GeV. Part of this mass window will be tested in the upcoming SHiP experiment. We also discuss current and future limits on possible scalar diquark contributions to double beta decay that can be derived from dijet data.
For discussion see text.
I. INTRODUCTION
Current experimental data on neutrinoless double beta decay (0νββ) give limits for 76 Ge [1] and 136 Xe [2] [3] [4] in the range of T ∼ 10 27 yr can be reached for 136 Xe [5, 6] and 76 Ge [7, 8] . Usually, these limits are interpreted in terms of upper limits on Majorana neutrino masses. However, any lepton number violating extension of the standard model will contribute to 0νββ decay at some level and exchange of some TeV-scale exotic particles could give even the dominant contribution to the total 0νββ decay rate, see for example the recent reviews [9, 10] .
The classical example of such a short-range contribution to 0νββ decay [11] is the righthanded W-boson exchange diagram in left-right (LR) symmetric models [12] , see fig. (1) to the left. Here, N R i are the right-handed partners of the ordinary neutrinos ν L i . The general classification of all possible decompositions of the d = 9 0νββ decay operator can be found in [13] . In the language of [13] , the diagram in fig. (1) left is an example for a topology-I model. Topology-II contributions to 0νββ decay, on the other hand, introduce no new fermions. To choose one particular example for T-II from the list of [13] we take T-II-4, BL#11. Here, BL# 11 refers to operator O 11 in the list of effective ∆L = 2 operators of [14] . This model introduces a scalar diquark, S DQ ≡ S 6,3,1/3 1 , and a leptoquark, S LQ ≡ S 3,2,1/6 . The short-range diagram contributing to 0νββ decay in this model is shown in fig. (1) on the right. We will come back to discuss more details of diquarks in 0νββ decay in the next section. Here, we only mention in passing that a possible SU (5) embedding of this model has been recently discussed in [15] .
At pp-colliders the classical signal of lepton number violation (LNV) is the final state with two same-sign leptons plus two jets and no missing energy (lljj). This signal was first discussed in the context of left-right symmetric models in [16] , where it can be simply understood as reading the diagram in fig. (1) , from left to right. Both, ATLAS [17] and CMS [18] have searched for this signal and give upper limits on σ × Br as a function of the resonance mass. 2 These limits can then be converted into excluded regions in parameter space for different models. For the example of the left-right symmetric model, for righthanded neutrino masses, m N R , of the order of m N R 1 2 m W R , this leads to very strong lower limits on m W R of the order of m W R > ∼ (2.7 − 3) TeV [17, 18] , assuming g R = g L . However, these limits deteriorate rapidly if right handed neutrinos are relatively light (m N R < ∼ 100 GeV) or heavy (m N R > ∼ m W R −100 GeV). In the former case, the lepton and the jets emitted in the decay of N R are highly boosted and thus the lepton is no longer isolated, failing one of the basic selection criteria used by both LHC collaborations. If, on the other hand, m N R approaches m W R , the jets and the lepton from the N R -decay become to soft to pass elementary p T -cuts. Finally, for m N R > ∼ m W R , N R contributes only off-shell to the decay of W R and the branching ratio for the decay W R → lljj drops to unmeasurably small values.
One can use ATLAS [17] and CMS [18] limits to constrain also all other models with short-range contributions to the 0νββ decay rate. Diquarks have particularly large cross sections at the LHC [19] , so in the kinematic region where m S LQ < m S DQ /2 constraints from the lljj search can be expected to be even more severe than for LR models. Contributions to 0νββ decay from leptoquark models, on the other hand, are less constrained from LHC data. In [20, 21] current limits and expected sensitivities based on the lljj search for run-II have been discussed for all T-I decompositions in the list of [13] .
ATLAS [22] and CMS [23] have searched for heavy, narrow resonances decaying to pairs of jets. No clear signal for any new state has been found and both collaborations provide upper limits on production cross sections times branching ratio as function of the unknown resonance mass. These limits can be converted into an upper limit on the unknown coupling of the resonance to quarks (or, less interesting for us: gluons) as a function of the resonance mass. In this paper, we discuss how these limits can be used to constrain short-range contributions to 0νββ decay, despite the fact that no LNV is searched for in the dijet data. As we discuss below, the limits we derive are complementary to the limits derived from the lljj search and are surprisingly strong already with only run-I data. We also estimate future LHC sensitivities and their implications for 0νββ decay. In our numerical analysis, we concentrate on the two example models, shown in fig. (1) , but also comment briefly on other possible contributions to 0νββ decay.
The rest of this paper is organized as follows. In section II we repeat very briefly the basics of the two models, which we use as examples. Section III gives our numerical results. We then close in section IV with a short discussion.
II. MODEL BASICS
Our general arguments will apply to any (∆L = 2) model containing an exotic scalar or vector, which couples to a pair of quarks. For definiteness, we use the following two examples: (1) The minimal left-right symmetric model and (2) a scalar diquark model. In this section we briefly recall the basics of these two setups.
A. Left-right symmetry
The minimal left-right symmetric model extends the standard model gauge group to [12, 24, 25] and assigns both left-and right-handed fermion fields as doublets (under left and right groups, respectively). Thus the model contains necessarily three generations of right-handed neutrinos. Charged and neutral current interactions of the new gauge bosons are given by
is the right-handed sector lepton (quark) mixing, g L , g R are the gauge couplings and θ W is the Weinberg angle. Eq.(1) shows that the couplings of the Z boson to fermions becomes non-perturbative, if g R < ∼ g L tan θ W 0.35. Very often in the literature it is assumed that g R = g L , a special case which we will call manifest left-right symmetry. However, in the numerical section we will allow g R also to vary.
In the minimal LR model, Majorana masses for the right-handed neutrinos are generated by the vacuum expectation value breaking the SU (2) R × U (1) B−L symmetry. One thus expects naively that the m N R i are of the same order as the right-handed W-boson mass, albeit times an unknown Yukawa coupling. To be as general as possible, however, we will let these masses float freely. The half-life T 1/2 for 0νββ decay via heavy W R and heavy N i exchange can then be written as:
Here, M(m N R i ) is a nuclear matrix element, which depends on m N R i , and G 01 is the leptonic phase space integral. We will use the numerical values of [26] 
and we define the "effective right-handed neutrino mass" as
Note that due to the presence of Majorana phases there can be cancellations among terms in m N , which could lead to vastly larger values of the half-live but never to a shorter one compared to the case without Majorana phases. The latter is important, when deriving lower limits on T 1/2 from LHC data. For our analysis the exact fit to neutrino oscillation data is unimportant. However, for completeness we mention that the minimal LR model can explain this data at tree-level via the seesaw mechanism [27] [28] [29] [30] . Naive expectation gives heavy-light neutrino mixing in the seesaw as
). Thus, barring immensely huge cancellations among different contributions to m ν , for an ordinary seesaw in LR models one expects that N decays through a W R to l ± jj, with nearly equal rates in l + and l − , with a branching ratio close to 100 %.
B. Scalar diquarks
As the second example model we discuss scalar diquarks. We define scalar diquarks as particles coupling to a pair of same-type quarks. They can be either colour triplets or sextets. In the context of 0νββ decay, diquark contributions were first discussed in [31, 32] . A systematic list of all (scalar) diquark contributions to 0νββ decay was given in [13] . We will concentrate on one particular diquark model for definiteness. Constraints on other models will be very similar; we will comment briefly in the numerical section.
From the list of possible diquark decompositions [13] , we choose the example T-II-4, BL# 11. This particular case introduces a diquark S DQ ≡ S 6,3,1/3 plus a leptoquark S LQ ≡ S 3,2,1/6 , see fig. (1). The Lagrangian of the model can be written as
For convenience we introduced the notationŜ DQ = S
DQ,a (T6) a IJ , with I, J = 1 − 3 and a = 1 − 6 the color triplet and sextet indexes, respectively. The symmetric 3 × 3 matrices T 6 and T6 can be found in ref. [13] . g 1 and g 2 are dimensionless Yukawas, we suppress generation indices for brevity. µ has dimension of mass. Note that the Lagrangian in eq. (4) necessarily violates lepton number by two units. 0νββ decay is generated via the diagram in fig. (1) , to the right. Since neither diquarks nor leptoquarks can have masses light compared to the nuclear Fermi scale, this diagram is always of the short-range type. The inverse half-life is then
where [13] M DQ = 1 48
with M 1,2 as defined in [11] , where numerical values for 76 Ge can be found, for other isotopes see [9] . DQ is given by
The model under consideration does not contain any right-handed neutrino, instead it generates neutrino masses at 2-loop order [33] . Since for our purposes the exact numerical fit to neutrino data is not important, we will not discuss the details here. See either [34] for a general discussion of 2-loop neutrino mass models and/or [32] , where a very similar diquark model (based on a down-type diquark) has been discussed in more details.
III. NUMERICAL RESULTS
We use CalcHEP [35] to calculate the cross section for W R production and MadGraph5 [36] for the calculation of the x-section of the diquark. We have checked against existing results in the literature [19] and found good agreement. We will first discuss our results for the left-right symmetric model.
For deriving the constraints we use the CMS [23] data. ATLAS [22] data leads to very similar results. Moreover, for estimating the future sensitivities, we make use of the fit of the SM dijet distribution fitted to a Monte Carlo simulation as given in ref. [37] . We then have estimated future limits coming from dijet searches for an assumed luminosity of L = 300 fb −1 .
A. Left-right symmetric model
The branching ratio of the decay of a W R boson into two jets can be calculated as a function of its mass, once the masses of the right-handed neutrinos are fixed. In our numerical calculation we take into account decays of the W R to fermions. TeV. For the sake of simplicity consider first the case of manifest LR symmetry, i.e., g R = g L , first. In Fig. 2(a) we show two limits from the non-observation of 0νββ. The gray region on the left is ruled out by 0νββ, corresponding to a half life T 1/2 = 1.9 × 10 25 yr [1, 2], while the stronger limit (blue region) corresponds to an expected future sensitivity of T 1/2 = 10 27 yr. Note that plots for 136 Xe sensitivities are very similar. The yellow region in the top corner shows CMS current limits from searches of like-sign leptons plus two jets at √ s = 8 TeV and L = 19.7 fb −1 [18] . Due to the choice of a logarithmic axes for m N , this region seems to represent only a tiny part of the parameter space. However, we remind the reader that the . For this part of the parameter region, the LHC limits rule out already a dominant LR shortrange contribution to 0νββ. The current dijet searches impose a lower limit at m W R 1.5 TeV (2.0 TeV) for ∀m N R i < m W R (∀m N R i > m W R ). As can be seen from Fig. 2(a) , dijet limits are complementaries to those coming from like-sign leptons plus two jets, extending the range also to the case m N R > m W R and to m N R < ∼ 100 GeV, although for such "light" right-handed neutrinos dijet searches are not yet competitive with 0νββ decay limits.
Future dijets searches will impose strong limits at m W R < ∼ 5 TeV in case no new resonance is found at 13 TeV and L = 300 fb −1 . As can be seen from Fig. 2 (a) these limits will leave only a small window for LR short-range contribution for 0νββ experiments with half-lives of order 10 27 (10 25 ) ys at right-handed neutrino masses around 1/2 MeV m N R i 50 GeV (5 MeV m N R i 7 GeV). Part of this window will be covered by SHiP (in the region of heavy neutrino masses m N R i ∼ 1−2 GeV) and a possible displaced vertex search [39, 41, 42] .
In Fig. 2(b) we drop the assumption of manifiest LR symmetry. Here we show, just as in Fig. 2(a) , a comparison between the 0νββ and dijet searches at LHC, but for fixed heavy neutrino mass m N R = 1 TeV in the plane g R − m W R . The blue horizontal line corresponds to the choice g R = g L . The black horizontal line corresponds to the limit g R < ∼ g L tan θ W 0.35 where the Z coupling to fermions becomes non perturbative, as is explained in section II. As shown, and in agreement with the previous analysis, dijet searches are competitive to 0νββ for m N R = 1 TeV, especially for small values of g R . For this choice of m N R , future 0νββ decay data can compete with future LHC dijet data only for values of g R close to the non-perturbative limit.
Having fixed the limit on g R as function of m W R , we can then calculate lower limits for halflives for 0νββ decay, for different assumed values of m N . Examples are shown for the case of 76 Ge in fig. ( 3) using current LHC dijet limits. Note that the plots extend up to m W R 4.4 TeV; at this point the limit on g R becomes worse than g R √ 4π, and the theory would be non-perturbative, i.e. the limits no longer have any physical meaning. For m N = m W R the strongest lower limits result, for the whole region of m W R up to m W R 3.5 TeV half-life limits longer than the current experimental limit can be derived. The constraints become less stringent for smaller values of m N and are practically completely irrelevant for masses lower or equal than m N 10 GeV using current LHC data. We close this discussion with a short comment on charged scalars. Decompositions with singly charged scalars appear in the list of short-range 0νββ decay contributions [13] . The cross section of S + at the LHC is typically around a factor of 2 smaller than the cross section for a heavy W , for the same value of the coupling constants to quarks. Thus, similar albeit slightly weaker limits, as discussed here for W R , can be derived from dijet searches also for charged scalar contributions to 0νββ decay. One slight complication arises for charged scalars, however, with respect to the LR model discussed here: In a gauge model, like LR, the coupling of W R to quarks and leptons is universal, whereas for the charged scalar the couplings g ud (ūd)S + and g eN (ēN )S † + could in principle be different. If g ud = g eN the discussion for charged scalars will resemble more the case of scalar diquarks, which we discuss next.
B. Scalar diquark Model
Now we turn to the results for the scalar diquark model. As in the LR symmetric case we have used the cross section σ(pp → S DQ ) and the Br(S DQ → jj) to calculate current and future limits from dijet searches, using the upper limits on production cross sections times branching ratio from dijet searches [23] . For estimating future sensitivities we use the estimated QCD backgrounds from the Monte Carlo simulation [37] .
For the sake of simplicity we will assume the Yukawa couplings g 1 and g 2 are different from zero for the first quark and lepton generations only. In this model the scalar diquark has two possible decay modes: two jets (jj) and two lepton plus two jets (lljj). On one hand, in the parameter region m DQ < 2m LQ the Br(S DQ → jj) 1 since S LQ contributes only off-shell to the decay of S DQ → S * LQ S * LQ → lljj and the Br(S DQ → lljj) drops to unmeasurably small values. On the other hand, in the region where m LQ << m DQ the Br(S DQ → jj) becomes a function of also m LQ and the (unknown) parameters µ and g 2 , see eq.(4).
Consider first the simpler case m LQ ≥ m DQ /2. In Fig. 4 we show two limits from the non-observation of 0νββ. The gray region on the left is ruled out by 0νββ, corresponding to a half life T 1/2 = 1.9 × 10 25 yr [1, 2], while the stronger limit (blue region) corresponds to an expected future sensitivity of T 1/2 = 10 27 yr. The solid (dotted) lines correspond to current (future) LHC limits from dijet searched at √ s = 8 TeV (13 TeV) and L = 19.7 fb −1
(300 fb −1 ). Double beta decay limits were calculated using, in Eq. (7), m LQ = m DQ ,
. For larger masses m LQ or smaller couplings g 2 and µ those limits become weaker. Note that the case g 2 ≡ g 1 , which is more similar to the case of the LR symmetric model, where uinversality of couplings is enforced by the gauge symmetry, 0νββ sensitivities would be much worse than the ones shown in this plot. Already with current LHC data, dijet limits are more stringent than current 0νββ decay limits in this part of parameter space, except for a window of very small values of g 1 at small m DQ . The large reach of the LHC simply reflects the large diquark production cross section.
In Fig. 5 we show, just as in Fig. 4 , a comparison between the 0νββ and dijet searches at LHC, but for µ = m DQ , g 2 = 1, m LQ = 1 TeV (left), and m LQ = 2 TeV (right). Smaller values of m LQ give 0νββ decay a better sensitivity to g 1 , while for these relatively large values of µ the diquark has sizeable branching ratio into lljj final states, thus reducing the LHC sensitivity in the dijet search. As fig. 5 shows, in this part of the parameter space the dijet search can not fully compete with 0νββ decay. However, since this reduced sensitivity comes from the competition between lljj and jj final states, one can expect that this part of the parameter space can be covered with future lepton number violating searches at the LHC. We plan to come back to study this part of parameter space in more detail in a future publication on topology-II 0νββ decay.
We close this section with a short comment on charged scalars and other types of diquarks. Down-type diquarks have cross sections roughly a factor ∼ (4 − 8) smaller than the up-type diquarks discussed here, with charged scalars having smaller cross sections still [21] . Thus, numerically weaker limits from dijet searches are expected for these cases. However, the discussion for these cases will be similar qualitatively. Therefore, we do not repeat all details for charged scalars and down-type diquarks here.
IV. SUMMARY
We have discussed how upper limits on dijet cross sections, derived from LHC data, can be used to constrain the short-range part of the 0νββ decay amplitude. We have concentrated on two example models: (a) minimal left-right symmetry and (b) a diquark model with LNV. For both setups, the LHC dijet data [22, 23] provides constraints complementary to those derived from the search for lljj final state [17, 18] . We have also estimated the impact of future LHC data. Current dijet limits provide already interesting constraints on 0νββ decay, future limits will rule out measurably "small" half-lives of double beta decay (T 1/2 < ∼ 10 27 ys), except in some well-defined regions of parameter space. The details for the different cases are discussed in the main text. We note that, while we have concentrated on two particular example models, similar constraints will apply to any short-range contribution to 0νββ decay in which a state coupling to a pair of quarks appars.
Finally, we note that dijet data can give interesting limits on 0νββ decay, as long as no new physics is found in the search. If, however, a new resonance were to appear in the data of run-II, obviously dedicated ∆L = 2 searches will be needed to prove or disprove any connection of such a hypothetical discovery to 0νββ decay. In this sense, dijet searches are complementary to the "standard" lljj search at the LHC, but can not replace it as a discovery tool.
